This paper studies the feasibility of an alternative configuration for the electric power generation from low speed, large diameter, direct drive wind turbines up to 2.5 MW. The step-up low frequency transformer functions as an electrical gear. The transformer output is rectified and subsequently can be conditioned for connection to the grid or stand alone system. An active power filter is connected to the generator terminals to improve the performance and minimize generator torque ripple.
INTRODUCTION
Over the last two decades, researchers and manufacturers have been investigating wind turbine behaviour. The wind turbine industry has demonstrated the feasibility of large wind turbine units at multi MWs [1] . Until the late 1990s, wind turbine technology was based on constant speed operation with a multi-stage gearbox using a standard squirrel cage induction motor and direct connection to the grid, which has a drawback of restricting the turbine speed range [2] . The 1990s saw the introduction of variable speed wind turbines using a multistage gearbox combined with a doubly fed induction generators (DFIG). This approach combined an enhanced speed range (energy capture) with a part rated power electronics converter. Research also focused on grid connection of the generator through a fully rated power electronic inverter. This approach improved control and the speed range at the expense of increased losses in the power electronics. An extension of this work is a direct-drive or gearless generator system [2, 3] . Direct driven generator avoids the expensive gearbox and mechanical losses. Moreover, the elimination of the gear box may improve reliability and reduce maintenance costs. The gearbox losses dominate in the DFIG generator system: roughly 70% of the annual energy dissipation in the generator system is in the gearbox [3] . Direct drive generators, (gearless), have some disadvantages such as large generator diameter, high generator weight, and the generator fixed cost is high [4] . A direct drive wind turbine uses either synchronous generators with electrical excitation or permanent magnet (PM) generators [5] . Avoiding a gearbox, brushes, and external excitation are advantages of direct drive PM generators [2, 4, 6, 7] . In most cases, the output from the generator is rectified then inverted to mach either the electric grid or stand alone system. The block diagram which represents a wind energy conversion system is illustrated in fig. 1 . The objective of this paper is to study the feasibility of an alternative configuration for the electric power generation from low speed, large diameter, direct drive wind turbines up to 2.5 MW. The output from the generator is stepped-up using low frequency transformer to a medium voltage level. The transformer functions like an electrical gear. The next stage rectifies the output to a dc-voltage which can be conditioned for connection to an ac or dc grid. The generator current and consequently, generator torque suffer from the converter effects. An active power filter, APF, is used to compensate converter effects on the generator.
PROPOSED SYSTEM
The proposed system is shown in fig. 2 . It consists of the direct drive, low speed (6 rpm to 21.5 rpm), large diameter, 2.5 MW PM generator [5] . The output from the generator is connected to a three-phase star connected 600 V primary, 10 Hz transformer. The secondary is a two winding star and delta, each rated at 5.5 kV. The transformer operates like an electrical gear for the generator, voltage stepping up the voltage. The converter is a 12-pulse rectifier, which gives rise to current harmonics in the generator that result in additional electrical heating and torque pulsations on the rotor shaft. Mitigation may be achieved by the use of either or both passive or active filters. In this paper, an APF is used to improve the filtering efficiency and to solve many issues associated with classical passive filters [8] [9] [10] .
• Dependency on the source and transformer impedances.
• Parallel and series resonance • Aging of passive components.
• The filter current is not controllable and can produce reactive power.
The active filter is connected to the low voltage primary side of the transformer in order to improve the system performance by allowing the use of a lower voltage APF.
Reducing the filter side-voltage reduces the switching losses, filter cost and size and increases the semiconductor devices switching frequency limits, which lead to increased filter bandwidth; hence allowing better compensation. Unlike fully active rectification this filter compensates for harmonic currents whilst not participating in active power flow. The shunt active power filter current rating can be 30% of the generator current. Fig. 3 shows the block diagram of the proposed system, with shunt active power filter connected to the primary side of the transformer.
WIND POWER
The amount of mechanical power P m captured from the wind by a wind turbine can be expressed by [11, 12] : The power coefficient depends on the aerodynamic characteristics of the wind turbine λ and the blade pitch angle β. Fig. 4 shows practical wind turbine mechanical output power as a function of power coefficient for wind turbines in the range of 2.5 MW, which is used in this paper [5] . 
SIMULATION RESULTS
In this section simulation results are presented for the system given in fig. 2 and 3 . Fig. 5 shows the SIMULINK model where a shunt active power filter is connected via a controlled circuit breaker. The load resistor is adjusted to 73 Ω. The wind turbine, generator, and transformer characteristic data are tabulated in the appendix. The power diodes must withstand the over-voltage transients that occur on a supply network [13] . The case study wind speed pattern is shown in fig. 6 where wind speed is varied between 6 m/s and 24 m/s. Fig. 7 shows the corresponding wind power while fig. 8a and fig. 8b illustrate a snap shot for the generator current and generator voltage for 17 m/s wind speed. Fig. 9 shows the load voltage and load current. The system illustrated in fig. 2 is capable of transferring power to the load side using a direct drive wind turbine system where the transformer steps up the input voltage (with a constant V/f ratio) to the 12-pulse rectifier. In this case the transformer operates such as an electrical gear. This system provides direct drive with power transferred to the load even at low wind speeds. This system could be one unit from a group of wind turbines to be connected in parallel to form the source of HVDC system. The results can be tabulated as indicated in table 1. As the wind speed increases, the generator current, voltage and frequency increase. Consequently, the load voltage and current increases. Efficiency of the system improves as the wind speed increases. For the system shown in fig. 2 , the generator suffers from 12-pulse rectifier effects. A compensation technique is necessary to improve the generator performance and to minimize torque pulsation on the generator shaft. The shunt active power filter in fig. 3 based on predictive current control which compensates the generator current waveform [14] . The rms current for the uncompensated system shown in fig. 8a is 2775 A and the rms for the fundamental is 2671 A. The total harmonic distortion THD factor is 27.6 % for a 1 kHz band width. Fig. 10 shows the compensated generator current using the shunt APF where the rms current is 2871 A and the rms for the fundamental current is 2870 A. The THD is reduced to 3.23 % can be conditioned for interface to the power network. A shunt active power filter is added to the system to improve the THD and performance, consequently reduces generator torque ripples. The combination of an active power filter with a robust, low loss diode rectifier allows generator harmonics to be controlled while minimizing power semiconductor loss by removing high performance power electronics from the main power flow path. 
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